In this paper we study the optical and structural properties of nanoporous GaN epitaxial layers grown by CVD on non-porous GaN substrates, using photoluminescence, cathodoluminescence, and resonant Raman scattering. We pay special attention to the analysis of the residual strain of the layers and the influence of the porosity in the light extraction. The nanoporous GaN epitaxial layers are under tensile strain, although the strain is progressively reduced as the deposition time and the thickness of the porous layer increases, becoming nearly strain free for a thickness of 1.7 μm. The analysis of the experimental data point to the existence of vacancy complexes as the main source of the tensile strain.
Introduction
The unique optoelectronic properties of gallium nitride (GaN) have motivated the fabrication of advanced devices, e.g. light emitting diodes (LEDs) [1] , laser diodes [2] and microelectronic devices such as high electron mobility transistors (HEMTs), gas sensors [3] and GaN surface functionalized HEMT biosensors [4] . Generally, the GaN structures used to fabricate these devices are epitaxially grown on foreign substrates, e.g., c-oriented sapphire (α-Al2O3), and silicon carbide (6H-SiC). However, the lattice mismatch of these substrates with GaN is important, -13% and 4%, respectively [5] , resulting in a high density of threading dislocations (∼10 8 -10 10 cm -2 ), micro cracks and other extended defects such as stacking faults, voids, inversion domains, plus a significant amount of point defects [6] .
The lattice mismatch, and the difference in the thermal expansion coefficients between GaN and foreign substrates, induce either compressive (on c-oriented sapphire substrates, for instance) or tensile (on 6H-SiC substrates) biaxial strains in the GaN epitaxial layers. The strain tensor components (ε) are similar on the c-plane and different along the perpendicular component, corresponding to the hexagonal symmetry of wurtzite GaN (εxx = εyy ≠ 0, εzz ≠ 0) [7] . Not only the built-in biaxial strain plays a role in the resulting strain of the layers, but also the point defects can induce local hydrostatic strain for which all the strain tensor components are equal (εxx = εyy = εzz) [7] . The hydrostatic strain is related to the difference between the atomic radius of the impurity or defect and the host atom replaced, it can be compressive or tensile [8] . As a consequence of the different strain contributions, the band structure, and, in particular, the band gap of GaN is modified, inducing a red-shift of the band-edge luminescence emission for tensile strain and a blue-shift when compressive strain prevails [9, 10] . Therefore, luminescence spectroscopy can be used to measure the strain in the GaN layers by means of the energy shift of the near band edge (NBE) emission [7] . Raman scattering is also a powerful and direct technique to monitor the residual strain in epitaxial GaN layers [11] . The E2(high) mode is highly sensitive to biaxial strain in III-nitrides. Under conventional visible excitation (non-resonant), the Raman spectrum of GaN can be masked by the Raman spectrum arising from the substrate; therefore, in order to selectively excite the top GaN layers, UV excitation is necessary, thus working under resonant conditions, which introduces relevant changes in the spectrum. Under these conditions, the polar A1(LO) mode allowed for backscattering on the (0001) plane is dramatically enhanced due to the Fröhlich interaction [12] . Instead, the non-polar E2(high) mode is not enhanced and it appears very weak because of the small scattering volume with UV excitation and the porous nature of our samples.
Porous GaN has been particularly interesting for the LED technology, since it shows higher light extraction efficiency, with respect to non-porous GaN, due to the multiple reflections on the lateral walls of the pores [13] . Porous GaN has been classically fabricated following a top-down approach based on photo-electrochemical [14] and chemical etching methods [15] of GaN epitaxial layers grown on foreign substrates. We have developed a bottom-up approach to fabricate homoepitaxial nanoporous layers of GaN in one single step by chemical vapour deposition (CVD) [16] . The growth of nanoporous GaN particles on Si substrates catalytically assisted by a metallic film, resulting in a polycrystalline film of porous particles randomly distributed [17] , was reported in former works. These nanoporous GaN polycrystalline films were demonstrated to form low resistivity Ohmic contacts with high work function metals such as Au or Pt [18] . Also the growth of unintentionally doped n-type [16] and Mg-doped ptype [19] nanoporous GaN with pores oriented perpendicular to the substrate was achieved using (0001) GaN/sapphire substrates, allowing the growth of a fully porous pn junction [20] .
In this paper, we analyze the optical and structural properties of homoepitaxial nanoporous GaN layers grown in a single step by CVD on non-porous GaN deposited on sapphire substrates, paying special attention to the role played by the layer porosity on the residual strain through the luminescence emission. Experimental results obtained by photoluminescence (PL), and resonant Raman scattering, and cathodoluminescence (CL), reveal the existence of tensile strain for low deposition times (resulting in porous layer thickness below ∼1 μm). This residual tensile strain is reduced for increasing deposition time, as the nanoporous layer becomes thicker. Additionally, spectrally resolved CL measurements permit to reveal the increase of the NBE emission with respect to the donor acceptor pair (DAP) band for increasing deposition time, which allows providing qualitative information about the density of the nanoporous GaN layer.
Experimental and samples
Unintentionally doped n-type nanoporous GaN films were epitaxially grown by Micro-PL and micro-Raman spectra were obtained at room temperature and 80 K with a Labram HR800UV Raman spectrometer from Horiba-Jobin-Yvon attached to a metallographic microscope, and equipped with a LN2-cooled CCD detector. Samples were excited with a He-Cd UV laser (325 nm) using 40X UV and 15X UV microscope objectives. The scattered light was collected by the same objective, conforming a nearly backscattering configuration.
Results and discussion

Figure 1 shows typical top view SEM images of the nanoporous GaN layers grown
at different deposition times. The SEM images reveal the porosity developed in the samples, with the pores oriented along the c-crystallographic axis, perpendicular to the substrate [16] . One can be observe that the average diameter of the pores increases for increasing deposition time. A detailed analysis of the porosity through an image processing analysis was performed using ImageJ software. The SEM images were processed as grey scale 8-bit images, assigning the value 255 to the white contrast part and 0 to the black contrast part of the image and values in between both to define the gray scale. The non-zero pixels (white) were associated with GaN, while the zero pixels were associated with the pores. The images were then filtered and the pixels of the grey scale were converted to either 255 or 0 according to the proximity of the pixel to these extreme numbers. Finally, the pore outline was defined using the watershed option of the software.
The mean value of the pore size and the percentage of porosity in each sample were evaluated using the processed images using the tool Analyze particles, the results are listed in Table 1 . As seen from the data analysis, the porosity degree in the samples, within the error bar, does not depend, or only slightly decreases, with the deposition time, while the average diameter of the pores increases. It is worthnoting according to the data of table 1, that the error in the determination of the pore size increases with deposition time, whereas the error in the determination of the porosity degree decreases. light in GaN is ∼40 nm [21] , which is smaller than the thickness of our epitaxial films [16] . However, due to the porosity of the samples, light might also reach the substrate through the pores, and thus the PL spectra could also contain a contribution from the substrate.
The PL spectra show the NBE emission at around 3.45 eV (360 nm), a donoracceptor pair ( DAP) transition band at 3.28 eV (378 nm) and the DAP-LO phonon replicas separated by the LO phonon energy 90 meV. The first and the second DAP-LO phonon replicas are seen in the spectra shown in Figure 3 (a). Also, in some cases the typical yellow luminescence (YL) band arising from the n-type GaN can be observed;
this band is mainly associated with Ga vacancies (VGa) and related complexes [22] . The NBE emission band in n-type GaN is the emission due to neutral donor bound exciton and free exciton transitions, D 0 X and FXA, respectively. [23] At the measurement temperature of 80 K, FXA is more intense than D 0 X, since D 0 X is thermally quenched due to the ionization of the neutral donor [24] . Thus, we can assume that the peak labelled as the NBE emission is mainly contributed by the FXA transition.
The intensity of the NBE band increases with respect to the DAP emission intensity for increasing deposition time. The DAP emission arises from the p-type nonporous GaN substrate doped with Mg. The NBE emission, instead, should arise from the unintentionally doped n-type nanoporous GaN layer, since the p-type substrate does not present the NBE emission, as can be seen in the spectrum obtained for the bare substrate, also included in Figure 3 (a). As the thickness of the nanoporous layer increases with the deposition time [16] one observes the NBE band to be enhanced, while the DAP emission and its phonon replicas are simultaneously quenched due to the reduced contribution of the substrate in thicker porous layers.
The peak energy of the NBE band as a function of the deposition time is plotted in Figure   3 (b). As the deposition time increases, the NBE band shifts towards the high energy side, from 3.432 eV (361 nm) for a deposition time of 15 min, to 3.467 eV (357 nm) for a deposition time of 60 min. As previously discussed, the energy gap of a semiconductor is affected by the residual strain [7] . When GaN is under tensile strain, the NBE emission is shifted towards lower energies, while compressive strain leads to a blue-shift of the NBE.
Compared to the position of the NBE emission in a strain free ideal GaN sample, which the FXA emission at 80 K peaks at 3.47 eV [25] , one can argue that our samples are under tensile strain. However, when the thickness of the nanoporous layer is increased, the NBE peak energy approaches the strain free value accounting for strain relaxation for the samples grown for long deposition times. One could consider that the blue shift observed with increasing layer thickness might be associated with the presence of free carriers in the top part of the thick nanoporous layers, due to the Burstein-Moss effect [26] .
However, this effect must be negligible here, since we have shown previously that the carrier concentration of an unintentionally doped n-type nanoporous GaN grown by CVD was ∼10 16 cm -3 [16] . At this concentration the Burstein-Moss shift is almost negligible. The analysis of the CL spectra of the nanoporous GaN samples also confirms the shift of the NBE peak position towards the low energies for decreasing deposition time, corroborating the previous observations done by PL, Figure 5 (a). This tendency was observed for 5 kV acceleration voltage, for which the CL probe depth in GaN is 100 nm, probing the top porous layer. For increasing acceleration voltages, e.g. 20kV, the probe depth is estimated at 1.3 m, mainly probing the non-porous substrate (see Figure   5 (c,d)). Note that those depths are calculated for bulk GaN; therefore, they must be handled with care when translated to porous layers. The peak energies were 3.398 eV The CL signal arises from the excited generation volume, which depends on the e-beam energy [27] . The higher the acceleration voltage of the electron beam used, the higher the penetration depth in the material, as the Grün approximation predicts [28] . Based on this, we tried to carry out a qualitative analysis of the nanoporous GaN layer density by CL.
This was done by means of the relative intensity of the NBE peak with respect to that of the DAP peak. As discussed above the NBE peak arises from the unintentionally doped n-type nanoporous GaN layer, while the DAP peak and its LO phonon replicas arise from the p-type substrate. In fact, Mg doped GaN (p-type) typically exhibits the DAP band with the phonon replicas, and a very weak, almost unappreciable NBE emission. The DAP band structure is determined by the Mg concentration and its electrical activation Taking into account that the Grün electron range in bulk GaN is 370 nm for 10 keV, one can assume that the effective density of these nanoporous GaN layers is substantially reduced with respect to the bulk density by no less than a factor 5. The results of the resonant Raman scattering under excitation with 325 nm (3.815 eV), above the band gap of GaN, are shown in Figure 6 (a) once the background luminescence emission has been subtracted. A strong first order A1(LO) peak and a second order 2A1(LO) peak with lower intensity can be easily identified in the spectra recorded for the samples grown at different deposition times. The E2(high) mode can be observed also with a very low intensity, since the non-polar phonons are not resonantly enhanced [12] , and the scattering volume for UV in the porous layers is very small.
First, we studied the E2(high) peak. The peak frequencies of 570, 572, and 574 cm -1 were obtained for the samples grown during 15, 30 and 60 min, respectively. These values are always above the frequency reported for the strain-free GaN (568 cm -1 ) [29] .
Thus, this would indicate a contradiction with the data obtained by PL and CL. However, as it can be seen in Figure 6 (a), the E2(high) peak appears as a broad and not well defined peak overlapped by the low frequency broad spectral features associated with the A1(LO) phonon band, especially for the samples deposited at shorter times, which makes difficult to reliably determine the peak frequency, and therefore, the structural strain. Note that the strain shift of the Raman bands is small, compared with the incertitude of the measurement. This intensity ratio decreases as the deposition time increases, indicating the improvement of the crystalline and structural quality of the sample obtained at longer deposition times.
This tendency is supported by the evolution of the FWHM of the A1(LO) peak, indicating that effectively, the concentration of defects is substantially reduced when the deposition time is increased. The presence of those defects would be responsible for the strain deduced from the luminescence measurements in the initial growth stages of the nanoporous layers. The nature of the strain is tensile, which suggests the presence of vacancy complexes.
Conclusions
In summary, we characterized the optical properties of unintentionally doped n-type nanoporous GaN grown at different deposition times by CVD. PL has revealed a red-shift of the NBE emission peak for low deposition times that vanishes when the deposition time increases pointing towards a structural relaxation for the samples grown under longer times. CL analysis confirms this tendency from the position of the NBE emission peak.
At the same time pan-CL images proved that the brightest emission spots coincide with the location of the pores, confirming the benefits of the porous layers for the light extraction from the material. Finally, resonant Raman scattering allowed to conclude that the strain suffered from the sample is due to the existence of defects, which are formed in higher concentration at the interface between the substrate and the epitaxial porous layer. The crystalline order is seen to improve for long deposition times, thus, the strain induced at the interface is relaxed. The nature of the strain is tensile, which suggests the presence of vacancy complexes.
